System was developed after experiencing problems with existing rod systems in the management of osteogenesis imperfecta. Between 1986 and 1996 we treated 74 bones in the lower limb in 28 children at a median follow-up of 5.25 years. We have reviewed 24 children with a total of 60 rods.
The problem of recurrent fracture and deformity of the lower limb in children with osteogenesis imperfecta has led to the use of intramedullary fixation devices in an attempt to improve the quality of life and mobility of these patients. Unfortunately, revision rates have been high because of weakness in material or design of the implants and continuing skeletal growth.
Sofield and Millar
1 were the first to develop an intramedullary rod system for the treatment of osteogenesis imperfecta, but it was solid and unable to accommodate for axial skeletal growth. This led to the development of an extensible rod by Bailey and Dubow. 2 In some series, however, the complication rate of the Bailey-Dubow rod exceeded that of the non-elongating rod which it was designed to replace. [3] [4] [5] The 'screw-on' T-piece could become loose or separate, and its small surface area led to migration into the metaphysis through the brittle epiphysis. After our experience of high rates of complication 6, 7 we introduced a new rod system in Sheffield in 1986, which was designed to overcome many of the problems associated with the Bailey-Dubow rod. We now present the results of ten years' experience with this system.
Patients and Methods

Implant design. The Sheffield Telescopic Intramedullary
Rod (Aesculap Ltd, Sheffield, UK) is constructed in 316L hard drawn stainless steel. It is manufactured in diameters of 3, 4, 5, 6 and 8 mm and is available in a range of lengths ( Fig. 1 ). The T-pieces are permanently fixed to the rod ends and are expanded to reduce metaphyseal migration. Each Tpiece is notched to allow for controlled rotation when burying it in the bone end. The sleeve T-piece has a hole at its centre to facilitate exchange rodding during axial growth. Operative technique. Preoperative radiographs are taken to assess the deformity in the sagittal and coronal planes, to facilitate planning of the osteotomies and to determine the length and diameter of the rod to be used. The technique for insertion is similar to that previously described for the Bailey-Dubow rod. 6, 7 For the insertion of a femoral rod, the patient is placed in a semilateral position and the bone approached posterolaterally using a longitudinal incision. The femur is exposed by reflection of the vastus musculature leaving the periosteum intact where possible. It is then osteotomised subperiosteally and the proximal femur reamed in a retrograde manner. The exit site is in the piriform fossa. Power instrumentation is used commencing with a 2.5 mm drill and increasing in 0.5 mm increments to the anticipated rod size. The size chosen should be the largest that will pass through the medulla at its narrowest point. The distal femur is then reamed to the level of the next osteotomy. Serial subperiosteal wedge osteotomies are performed along the bone until the deformity is corrected. The obturator can then be passed up the medullary canal of the femur commencing at the most distal osteotomy site until it emerges from the piriform fossa. The desired size of rod sleeve is railroaded over the obturator in an antegrade manner until its inferior end appears at the site of the distal osteotomy. The obturator is then removed.
A midline skin incision is made at the knee and the joint exposed using a medial parapatellar approach. Using a small awl, a hole is made in the intercondylar notch just superolateral to the insertion of the posterior cruciate ligament. The obturator is passed through the hole and into the distal femur. Under direct vision, its end is engaged into the sleeve portion of the rod and passed up the sleeve until the T-piece comes to lie against the articular cartilage. The sleeve is then advanced distally until its T-piece lies against the greater trochanter. Both T-pieces are then buried. When positioning the T-piece, the bone surface is etched with a blade to the size of the T-piece. The T-piece introducer is then engaged and tapped using a small hammer until the implant and its underlying cartilage are depressed beneath the surrounding articular cartilage. Using the introducer, the T-piece is then gently rotated through 90° to fix its position. The wounds are closed with absorbable sutures. Closed suction drainage is used if required, and the leg immobilised in plaster until the osteotomies have united.
The technique for the tibia is similar to that for the femur. The midline skin incision is continued down the anterior aspect of the tibia. The knee is exposed through a medial parapatellar approach. The tibia is divided subperiosteally at the first osteotomy site and reamed in a retrograde fashion. The exit site is at the base of the anterior cruciate ligament. Distal reaming and osteotomies are carried out in a similar manner to those for the femur. The ankle is exposed through a medial approach. The capsule and deltoid ligament are divided to expose the talus. In older children a medial malleolar osteotomy is preferred. The talus is then displaced forwards and a hole made in the centre of the tibial plafond for the obturator. The techniques for rod placement, fixation of the T-piece, and wound closure are as for the femur. The leg is immobilised in plaster until the osteotomies have united.
An exchange rodding is carried out by re-opening the old incision and removing the obturator. An overlength obturator is then introduced through the old sleeve using the hole in the centre of its T-piece. The sleeve is then removed and a new one railroaded over the obturator. When it is in position, the overlength obturator is exchanged for one of the correct length.
Between January 1986 and March 1996 we treated 74 lower-limb bones in 28 children at the Sheffield Children's Hospital. At a median follow-up of 5.25 years (1.42 to 10.17), 60 rods (35 femoral and 25 tibial) were reviewed in 24 children (13 girls and 11 boys) Seven rods in two patients were lost to follow-up and seven rods (two children) were excluded since the follow-up was less than one year.
Forty-nine rods (29 femoral, 20 tibial) were inserted as primary procedures. The main indications in this group were to reduce pain and promote walking in patients with severe disease leading to recurrent fractures or deformity. Eleven rods (6 femoral, 5 tibial) were used in six children as revision procedures for other failed or outgrown implants.
Details of developmental milestone history, activities of daily living, mobility and fracture history before and after intramedullary rodding were obtained from patients and parents by telephone questionnaire in March 1996. Information was also gathered regarding education, employment and recreational activities. Data regarding complications and further procedures were obtained from the clinical records and radiological review. In patients who were tertiary referrals, their local orthopaedic surgeon was contacted by letter for copies of local clinical records and radiographs. The severity of osteogenesis imperfecta in each child was assessed by the methods of Sillence, Senn and Danks 8 and Shapiro. 9 Statistical analysis of the data was carried out using SPSS (SPSS Inc, Chertsey, UK) statistical software.
Results
The first Sheffield rod was inserted at a median age of 6.17 years (2.12 to 13.33). Eight children have had rodding of all four bones of the lower limbs (Figs 2 to 4), 12 of two bones and four of only one. There was no significant difference in the duration of postoperative hospital stay between those having single primary and single revision operations or between those with single primary rods or two primary rods inserted at the same operating session (Table I) . Before insertion of the rod all patients had multiple fractures. After operation, there was a major reduction in both the number and severity of fractures in the rodded bones. Eight patients (33%) have experienced no further fractures, but three (13%) have suffered five or more subsequent fractures. Two patients with femoral fractures required immobilisation in a cast. The other patients only required simple analgesia and a Tubigrip support. They were allowed to mobilise as soon as the pain eased.
Before the initial rodding only three (13%) of the 24 children walked as their main means of mobilisation. The others used a wheelchair. At review, 17 (71%) out of 24 walked, four independently and 13 with aids (Table II) . After rodding a significant number of patients who had previously had developmental arrest achieved the motor milestone of walking (Table III) . We defined developmental arrest as nonachievement of a milestone in a patient whose age was two standard deviations outside that at which the milestone would normally have been achieved. 10 In no patient did operative treatment lead to a deterioration in mobility. Those with severe forms of osteogenesis imperfecta appeared to have similar improvement in their mobility after operation to those with less severe forms of the disease. None of the Sillence-III group, however, achieved independent walking. The numbers in the subgroups were too small to allow meaningful statistical testing (Table IV) .
At review, 13 (54%) patients were fully independent as regards the activities of daily living (eating, toiletting, bathing, and dressing), five required assistance in one activity, and six were dependent in two or more of these activities. Twenty-three patients attend or have attended school. Of the 21 (92%) attending mainstream school, nine require, or required, a full-time carer. Five take part in noncontact physical education, and a further two have engaged in disabled sporting events at national level. Six patients have left school; four are in mainstream further education and two are seeking employment. All who are old enough to drive do so, five driving standard cars and three modified cars.
There has been no radiological evidence of epiphyseal damage or premature epiphyseal closure as a result of rodding. Eleven Sheffield rods (18%) (8 femoral, 3 tibial) have required elective revision. In six children (25%) this was because the implants were becoming outgrown on radiological review. Of the remaining rods, 37 have expanded by a median of 21% of their original length (5 to 72). One has failed to expand. This was implanted as a revision procedure in a child nearing skeletal maturity. In the Table I . Duration (median; range) of postoperative hospital stay related to procedure undertaken
Procedure
Hospital stay
Single primary rod (n = 16 rods) 4.5 (3 to 47*) Single revision rod (n = 8 rods) 3.5 (3 to 8) Two primary rods (n = 13 operations) 4.0 (3 to 8)
* prolonged stay postoperatively due to pin-track infection affecting an external fixator 
eight rods (14%) in six children (25%) for complications not necessitating exchange rodding.
One femoral rod required a two-stage exchange for deep sepsis and in a further four the sleeve component had to be tapped back into the piriform fossa after backing out into the glutei. Two patients have suffered fractures of the femoral neck. One was treated by cannulated lag screws. The other was managed without operation, but later required a derotation osteotomy for an external rotation deformity. One femoral rod bent after a fracture, leading to erosion of the lower medial femoral cortex (Fig. 5) , but no operative intervention has been necessary.
Three tibial rods have required exchanging, one for perforation of the anterior tibial cortex, one for backing out into the ankle, and one which became bent after fracture. Two other tibial rods bent after fractures; one was manipulated back into shape under anaesthesia and the other has not required surgery. Four tibial rods have needed to have the sleeve tapped back into the tibial plateau after backing out into the knee; one patient developed a fixed flexion deformity of the knee which was corrected by arthrotomy and division of adhesions. One further tibial rod has begun to erode through the distal anterior tibial cortex (Fig. 4), but has not yet required revision.
Overall, ten children (42%) have required some further procedure to 12 rods (20%) for complications.
Discussion
Surgical stabilisation using an intramedullary fixation device is the mainstay of treatment for recurrent fractures and deformity in osteogenesis imperfecta. The decision as to whether to use an extensible or non-extensible rod remains a matter of personal preference for the operating surgeon. 4 Non-extensible rods have fewer intrinsic complications. [3] [4] [5] 11 In patients with significant skeletal growth, however, revision is often necessary. [11] [12] [13] Marafioti and Westin 3 demonstrated a three-year survival of 36% for nonelongating rods, compared with 77% for extensible rods.
Advocates of the non-extensible rod 11, 13 emphasise the high complication rate reported with the Bailey-Dubow rod 3, 4, 7, 14, 15 and our previous experience confirms this. 6 A further procedure was needed in 32% of rods at a follow-up of two years. After we introduced the Sheffield rod, this rate has fallen to 20% at five years. The complications of the Bailey-Dubow rod associated with loosening and migration of the T-piece into the metaphysis have been eliminated. We have not seen any radiological evidence of damage to the epiphyseal plate, which might have been anticipated with a T-piece of a larger surface area. 16 We have experienced more problems with backing-out of the sleeve component in both the tibia and the femur compared with the Bailey-Dubow rod. Correction of backing-out is, however, a lesser procedure than that required for metaphyseal migration. In general, tibial rods have been more prone to complications than femoral. Their small diameter makes them more likely to bend if a fracture occurs, and perforation of cortical bone occurs more often.
We have encountered no new problems during the operation using the Sheffield rod compared with the BaileyDubow device. When preparing the medullary canal we use powered reamers routinely as the torque of the hand reamers can sometimes be too great for the brittle bone leading to fracture or stripping of soft tissue. Where the medullary canal has been lost due to previous fractures, we favour splitting the bone longitudinally so that it can be placed around the rod, with preservation of the soft-tissue attachments. If subperiosteal osteotomies are required we perform wedge procedures, since these maintain soft-tissue attachment, preserve periosteal blood supply, and create less soft-tissue tension, compared with those without shortening or with rotation.
All of our rodding procedures were carried out in children over the age of two years (two standard deviations above the mean age by which 'bottom shufflers' achieve walking 10 ). Any milestones not achieved before surgery were therefore considered, by definition, to be abnormal. A significant number of children in our cohort achieved the developmental milestone of walking only after surgical stabilisation. Our results would therefore suggest that intramedullary rodding may help the achievement of previously delayed or arrested development, although it is not possible to separate the influence of advancing age and postoperative physiotherapy 13, 17 from the effect of the rod alone on motor development. In addition to quantifiable outcome measures after rodding, we believe that surgical stabilisation of the lower limbs in osteogenesis imperfecta leads to many improvements in the quality of life, although these are difficult to measure. Patients were generally considered, by their parents, to be more cheerful, confident, active, and less frightened of other children after surgery. All parents were pleased with the results of intramedullary rodding and said that they would recommend it to others. Some parents also commented that potty training and constipation became easier to manage. Many of the older children and young adults with severe disease have been able to take part in mainstream education, employment, recreational activities, and driving, leading to an independent life integrated into the community.
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